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Abstract 

The use of large animals as an experimental model for novel treatment techniques has many advantages over the 
use of laboratory animals, so veterinary medicine is becoming an increasingly important translational bridge 
between preclinical studies and human medicine. The results of preclinical studies show that gene therapy with 
therapeutic gene encoding interleukin-12 (IL-12) displays pronounced antitumor effects in various tumor models. A 
number of different studies employing this therapeutic plasmid, delivered by either viral or non-viral methods, have 
also been undertaken in veterinary oncology. In cats, adenoviral delivery into soft tissue sarcomas has been 
employed. In horses, naked plasmid DNA has been delivered by direct intratumoral injection into nodules of 
metastatic melanoma. In dogs, various types of tumors have been treated with either local or systemic IL-12 
electrogene therapy. The results of these studies show that IL-12 based gene therapy elicits a good antitumor effect 
on spontaneously occurring tumors in large animals, while being safe and well tolerated by the animals. Hopefully, 
such results will lead to further investigation of this therapy in veterinary medicine and successful translation into 
human clinical trials. 
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Background 

The concept of gene therapy involves the transfer of 
genetic material into target cells to overcome a genetic 
defect or to provide a protective or corrective function 
with the goal of curing a disease or improving the clin- 
ical status of a patient [1]. In the case of genetic disease 
caused by mutation in a specific gene, the therapeutic ef- 
fect of gene therapy is usually achieved by the delivery of 
a functional gene into target cells or tissue. Exogenous 
gene delivery can also be used as an immune therapy for 
the treatment of genetic or non-genetic disorders. The 
first human gene therapy trial was conducted in the 
USA in 1990 for the treatment of severe immunodefi- 
ciency due to adenosine deaminase deficiency [2]. One 
year later, the first clinical trial was performed employing 
gene therapy in the treatment of cancer (melanoma) [3], 
Since then, over 1500 clinical studies have been initiated 
for various indications, the majority, over 2/3, in cancer 
therapy. 
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Current preclinical and clinical studies employing gene 
therapy of cancer show that this treatment approach can 
vastly improve the therapeutic outcome of oncologic 
patients as either single or adjuvant therapy. Unfortu- 
nately, however, the initial human clinical studies 
employing gene therapy also revealed important safety 
concerns [4,5]. Although laboratory animals have been 
invaluable for research of gene therapy, the results of 
such studies cannot be directly translated to human 
patients. Veterinary medicine is thus becoming an in- 
creasingly important translational bridge from in vitro 
and preclinical studies to human medicine. Studies on 
large animal models can complement research on la- 
boratory animals and facilitate more accurate translation 
from the preclinical to the clinical level, especially in 
studies that are not possible in human patients for vari- 
ous reasons. 

The use of large animals, mainly dogs, cats, horses and 
cattle, as an experimental model for novel treatment 
techniques, has many advantages over the use of labora- 
tory animals [6]. These species, especially companion 
animals, and people share the same living environment 
and are therefore subjected to similar environmental risk 
factors for the development of certain diseases. They 
share many anatomic and physiologic similarities with 
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humans and can display similar clinical signs as affected 
humans, indicating that comparable genetic mechanisms 
are responsible for a particular disease in these species. 
Dogs, cats and horses have much longer life spans than 
laboratory animals and can therefore naturally reach the 
age commonly associated with the highest risk for can- 
cer, which makes them especially valuable as natural 
models for research in oncology. 

Oncologic clinical studies in pets can therefore be per- 
formed on spontaneously occurring tumors, which have 
different characteristics than experimentally induced 
tumors, including inter- individual and intra-tumoral het- 
erogeneity, the development of recurrent or resistant 
disease, and metastasis to relevant distant sites. Due to 
pets' considerably longer lifespans compared to labora- 
tory rodents, possible long-term side effects and other 
limitations to novel experimental therapies can be 
detected more accurately. All that, in combination with 
the lack of established gold-standard veterinary treat- 
ment protocols for many diseases, but especially cancer, 
provides the opportunity for the early and humane 
evaluation of various new therapies, particularly gene 
therapy. Experiments on large animal models therefore 
provide proof of principle and help discern the potential 
efficacy and safety of gene transfer, which cannot be ac- 
curately determined on laboratory animals [6,7]. 

IL-12 based gene therapy 

Interleukin-12 (IL-12) was discovered independently by 
two different research groups, Trinchieri and colleagues 
as a "natural killer-stimulating factor" in 1989 [8] and by 
Gately and colleagues in 1990 as a "cytotoxic lymphocyte 
maturation factor" [9]. It has been identified as a hetero- 
dymeric protein, composed of two subunits, a-chain 
with a molecular mass of 35 kDa, also known as p35 or 
IL-12a, and (3-chain with molecular mass of 40 kDa, also 
known as p40 or IL-12 |3, which are covalently linked by 
a disulfide bridge. Shortly after the discovery of IL-12, 
genes for IL-12 in various species were cloned, which 
stimulated further investigations relating to the thera- 
peutic potential of this newly discovered cytokine [10]. 

From the beginning, three activities of IL-12 were 
already recognized: induction of IFN-y response, amplifi- 
cation of NK cell-mediated cytotoxicity and mitogenic 
response of T cells [8]. Based on these biological actions, 
it was predicted that this cytokine is required for resist- 
ance to bacterial and intracellular parasites, as well as 
for the establishment of organ- specific autoimmunity 
[11] and it was considered that it shows possible thera- 
peutic potential for the treatment of diseases that would 
favorably respond to its immunomodulatory actions. 
With the additional discovery of its anti- angiogenic 
effects [12], IL-12 became one of the most promising 
cytokines for the treatment of malignant disease. 



A model of mechanisms involved in the antitumor 
effects of IL-12 predicts that IL-12 directly activates cells 
of the adaptive (CD4+ and CD8+ T cells) and innate 
arms of immunity by helping to prime T cells, increasing 
their survival, enhancing T cell and NK cell effector 
functions, as well as promoting the induction of INF-y 
secretion. IFN-y in turn acts directly on cell components 
within the tumor, by enhancing the recognition of tumor 
cells through MHC class I processing and presentation 
and by modifications of the extracellular matrix, which 
results in reduced angiogenesis and tumor invasion. The 
end result of these actions is delay of tumor growth and, 
ultimately, eradication of the tumor [13]. 

In the first preclinical studies on the antitumor effect- 
iveness of IL-12, recombinant IL-12 (rIL-12) protein was 
used. Despite showing a significant effect in these stud- 
ies, the success was not adequately translated into the 
clinical setting. Systemic application of recombinant IL- 
12 resulted in unexpected severe toxicity, even at doses 
as low as 1 (ig/kg/day [14], which proved to be a major 
obstacle to further progression of rIL-12 into clinical 
practice. The most common adverse effects of rIL-12 
therapy include elevated body temperature, headache, 
weakness and gastrointestinal toxicity (stomatitis, nausea 
and vomiting). Laboratory changes associated with rlL- 
12 toxicity include anemia, neutropenia, lymphopenia, 
hypoglycemia, thrombocytopenia, hypoalbuminemia and 
liver function test abnormalities. In phase II human clin- 
ical trials, systemic rIL-12 therapy even resulted in the 
death of treated patients [15]. New strategies for intro- 
ducing IL-12 were therefore studied, one of them being 
delivery of the gene encoding IL-12, instead of applica- 
tion of recombinant protein. The gene delivery systems 
for IL-12 include various viral vectors, e.g., adeno- [16- 
18], pox- [19] or Semliki Forest virus [20], and non-viral 
techniques, e.g., transfer of naked plasmid DNA alone 
[21], gene gun technique [22], electroporation [23-25] 
and other non-viral methods [26]. 

IL-12 based gene therapy in cats 

In cats, most gene therapy trials presently focus on 
cancer, mainly fibrosarcoma, but also on neurological 
diseases, various inherited diseases {e.g., mucopolisahar- 
idosis VI) and heart disease [27-32]. 

To our knowledge, there is currently only one report 
concerning IL-12 based gene therapy in cats, in which 
viral vector was used in 13 cats with spontaneous soft 
tissue sarcomas, with an additional 16 cats included in 
the feasibility study with viral construct expressing green 
fluorescent protein alone or in combination with murine 
IL-12 [33] (Table 1). Feline soft tissue sarcomas are a 
relatively infrequent, but clinically very challenging oc- 
currence, with an estimated incidence between 0.5 - 1 
per 10,000 cats [34]. Despite a variety of different 
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Table 1 Summary of IL-12 gene therapy studies in veterinary medicine 

No. and type Study design Type of Type of gene Route Type of Treatment outcome Ref 

of animals treated delivery of gene therapeutic 

included in tumors delivery IL-12 gene 

the study 



1 
1 


1 A r-3-f-c /T~PD 
I O CdlS [Kjrr 


phase I dose 


sott tissue 


viral delivery 


i.tu. 


murine 


.... ... 

systemic toxicity at high adenoviral doses 






± mlL-12) + 


escalation study 


sarcomas 


(adenovirus 




feline 


high expression of IL-12 in all tumors 






13 cats (flL-12) 


on naturally 




controlled by 






IFN-y intratumoral expression detected 








occurring tumors 




heat-inducible 






only with high doses side effects 












pro motor) 






correlated with IFN-y expression 




2 


7 hors6S 


nh^^p l/ll <;ti irlv nn 
ui iuoc i/ ii oLuuy ui i 


mptactatir 
i i ic la o la lil. 


Hirprt nl^mirl 

UIIC^-L JJIujI 1 IIU 


i.tu. 


hi iman 

1 IUI 1 Id 1 1 


41% mpan rprlurtinn nf tumnr <;i7P Piffpr 

"I /U IIICTOII 1 CTU U ^- LI UI 1 U I LUI I IUI OIZ_CT QILCTI 


[461 






naturally occurring 


melanoma 


injection 






single plasmid injection (11/12 treated 








tumors 










tumors)CR after 3 plasmid injections in 1/ 


















12 tumors only short response (regrowth 


















1 1/12 tumors) histological change of 


















treated tumors no side effects 




o 

D 


8 horses 


nhaco ll/lll 

pnase ii/in 


metastatic 


direct plasmid 


i.tu. 


equine 


• 

regression in tumor size, with mean 


L4oJ 






pidLcUU LUI 1 11 UllcU 


1 1 lcldl IUI 1 Id 


II IJcLUUI 1 






VUlUlllc Ul UcdlcU LUI 1 IUI b UcLI cdbll ILJ LU 








study on naturally 










approximately 80% of baseline value side 








occurring tumors 










effect: local peritumoral oedema of 


















smaller treated lesions 




A 


/ MUlbcb 


pi Id 1 1 1 ldLUKII 1 ell Lb 


1 1 IcldbldllL 


UllcLl pidbllllU 


i tl 1 
I.LU. 


on i i i 
cLjUII Ic 


pidbllllU fcrllLclb ptrlipilcldl UIUUU IU 


T471 






study 


melanoma 


injection 






minutes after intratumoral DNA 


















application and is present up to 36 hours 


















post injection, with peak concentration 


















at 30 minutes intratumoral expression of 


















IFN-y was detectable in all melanoma 


















samples with high interindividual 


















variability 




5 


6 dogs 


dose escalating 


transmissible 


EGT 


i.tu. 


human 


statistically significant growth delay of 


[66] 






study on 


venereal 








treated tumors CR in all of the treated 








pynpri mpnt3 1 1\/ 
ctaucti ii I icti i La i iv 


LUI 1 IUI J 








ti imnK w^tpmir tpIps^p nf II -1 ? 3nH/nr 

LUI 1 IUI J jy JLCI 1 ML ICICOjC Ul ll_ lz_ UIIU/UI 








induced tumors 










IFN-y antitumor effect on distant 


















untreated tumors 




6 


8 cloys 


phase l/ll study on 


mast cell 


EGT 


i.tu. 


human 


50% median reduction of tumor volumes 


[56] 






naturally occurring 


tumors 








(ranging from 15 — 83%) systemic release 








tumors 










of IL-12 and/or IFN-y change in 


















histological structure of treated tumors 




7 


7 dogs 


phase 1 feasibility 


N/A 


EGT 


i.m. 


human 


systemic release of IL-12 (1/6 dogs) 


[7o\ 






and safety study 










induction of IFN-y response (3/6 dogs) 


















no detectable side effects 




8 


6 dogs 


phase l/ll study on 


different 


EGT 


i.m. 


human 


systemic release of IL-12 and/or IFN/y in 


[65] 






naturally occurring 


types of 








4/6 animals prolongation of patients' life 








tumors 


tumors 












9 


N/A 


description of 


head and 


ECGT (//_ 72 + BLM) 


i.tu. 


N/A 


report on eradication of two tumors (the 


[72] 






ECGT protocol/ 


neck tumors 








same two patients are also presented in 








case report 










the study under no. 10) 




10 


6 dogs 


phase l/ll study on 


different 


ECGT {IL-12 + 


i.tu. 


feline 


CR 3/6 dogs 


[57] 






naturally occurring 


types of 


BLM) 






PR 3/6 dogs 








tumors 


highly 


















malignant 


















tumors 













Ref: reference; GFP: green fluorescent protein; mlL-12: murine IL-12; flL-12: feline IL-12; EGT: electrogene therapy; ECGT: electrochemogene therapy; 
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treatment modalities that are currently available for the 
treatment of this disease, the prognosis of affected cats 
is poor, with reported recurrence rates from 40 to 70%, 
even with a multimodality approach, combining surgery, 
radiotherapy and chemotherapy [35,36] . New therapeutic 
approaches for the treatment of feline soft tissue sar- 
coma are therefore being investigated, including gene 



therapy, in which mainly IL-2 has been used, delivered 
using magnetofection [37], xenogeneic cells [38] or pox- 
viral vector [39]. In addition to IL-2, therapeutic genes 
encoding GM-CSF [27,37] and IFN-y [37] and viral sui- 
cide gene therapy [40] have also been used. 

Siddiqui and colleagues performed a phase I dose es- 
calation study using adenoviral vector with feline IL-12 
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gene controlled by heat-inducible promoter, as adjuvant 
therapy to fractionated radiotherapy [33]. The cats 
underwent 16 fractions of radiation therapy over 22 
days, followed by gene therapy performed as intratu- 
moral injection of viral vector 3-5 days after completion 
of the radiotherapy protocol. Three cohorts of cats were 
studied at dose levels of 10 9 , 10 10 and 4 x 10 10 pfu of 
adenovirus per tumor. Twenty-four hours later, treated 
tumor nodules were heated to approximately 40-44°C, 
which allowed spatial and temporal control of IL-12 
expression. 

Since this study was designed as a phase I study, the 
main focus was on establishing the maximum safe dose 
of the viral construct and the detection of possible side 
effects in the light of well recognized side effects of 
adenoviral gene therapy (immunogenicity) and IL-12 
therapy. No treatment-related mortality was seen, al- 
though serious side effects were detected in the cats that 
received the highest dose of viral construct. These 
included lack of appetite, lethargy, pulmonary edema 
and hepatic and hematologic toxicities, which even 
required intensive care support for up to 2 weeks. IL-12 
and IFN-y mRNA levels were measured using RT-PCR 
in the treated tumors 24-48 hours after the induction of 
hyperthermia, revealing a consistently high IL-12 mRNA 
relative fold increase over the baseline in all tumor sam- 
ples taken at the 24-hour time point. A significant in- 
crease of IFN-y mRNA was detected in only 5/13 cats 
(mainly in the group receiving the highest dose of viral 
vector) and the magnitude of the relative fold increase 
was much lower compared to IL-12. Cats in which high 
levels of IFN-y were detected showed clinical signs of 
systemic toxicity. Since IFN-y has been implicated as the 
cytokine directly responsible for IL-12 toxicity [15,41], it 
can be postulated that, in these cats, locally produced 
IL-12 induced an IFN-y response, resulting in systemic 
shedding of IFN-y, leading to systemic toxicity. 

IL-12 based gene therapy in horses 

The horse is most commonly used as a large animal 
model for osteoarthritis and melanoma, which features 
similar histologic and immunohistologic characteristics 
as melanoma in humans [42]. Grey horses develop meta- 
static melanoma spontaneously and are especially suit- 
able as a large animal model for melanoma since a 
genetic predisposition for this disease is recognized [43] 
and distant metastases occur spontaneously to similar 
organs as in the human disease. Conventional oncologic 
therapies, such as surgery, cryosurgery or local chemo- 
therapy, have only a limited antitumor effect [44]. In 
horses, gene therapy of this disease has been attempted 
employing suicide gene therapy [45] or therapeutic genes 
encoding IL-12 and 71-78 [46-48]. 



As an alternative treatment modality to the conven- 
tional therapeutic approach, several studies have used 
direct intratumoral injection of 77,-72 plasmid without 
any additional physical or chemical delivery method [46- 
48] (Table 1). Various publications have described differ- 
ent aspects of such therapy in altogether 22 grey horses 
with multiple tumor nodules. In the first study [46], 
plasmid encoding human 77,-72 was used, injected intra- 
tumorally one to four times in altogether 12 nodules in 
7 horses. This therapy resulted in tumor regression, with 
a 41% mean reduction of tumor size after a single plas- 
mid injection and in one nodule a complete response 
was even achieved with three consecutive plasmid injec- 
tions. The lowest tumor volumes were seen from day 10 
onward until day 99 after therapy and, after reaching the 
smallest volume, tumor nodules slowly regrew. The local 
response to the therapy was therefore only short term, 
but the tumors responded again to repetition of the 
therapy, which leads to the conclusion that repetitive 
applications of intralesional IL-12 gene therapy at 30- 
days intervals would be needed to achieve a more pro- 
nounced clinical effect. Local response to the therapy 
was also confirmed with histological evaluation of the 
treated tumors, which revealed significant peritumoral 
infiltration with both CD4+ and CD8+ lymphocytes, 
which was not observed in untreated tumors. However, 
the therapy did not result in systemic shedding of the 
transgene product in the treated animals, since no de- 
tectable concentrations of human IL-12 were found in 
blood samples taken at different time points from one to 
30 days after plasmid injection. Results of this study 
proving safety and efficacy also provided basis for a sub- 
sequent human clinical phase I study using the same 
treatment approach in late-stage malignant melanoma 
patients [49]. 

A decade later, the same research group performed an- 
other comprehensive study of the pharmacokinetics and 
antitumor effects of intratumoral injection of 77,-72 in 
metastatic melanoma in grey horses, using equine in- 
stead of human 77,-72 construct [47]. A thorough evalu- 
ation of the pharmacokinetics was performed on 7 
horses, in which multiple blood samples and biopsies at 
the site of injection were taken at 13 time points imme- 
diately before and up to 14 days after intratumoral plas- 
mid injection. Plasmid DNA and mRNA was isolated 
from the blood samples and quantified using the RT- 
PCR method. It was established that plasmid entered the 
peripheral blood as soon as 10 minutes after intratu- 
moral DNA application and was present up to 36 hours 
post injection, with a peak concentration at 30 minutes 
and an exponential decrease thereafter. Intratumoral 
expression of IFN-y was detectable in all melanoma 
samples, with high inter- individual variability. IFN-y 
expression decreased with time, but much more slowly 
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compared to the clearance of IL-12 plasmid from per- 
ipheral blood, with IFN-y remaining significantly ele- 
vated above the baseline value at the time of the last 
sampling (i.e., 14 days after intratumoral injection of the 
plasmid). 

The antitumor effect of the same therapeutic plasmid 
was evaluated in a double-blind placebo-controlled study 
on 8 horses with 22 melanoma nodules [48]. Each tumor 
was injected with a cumulative dose of approximately 
1.5 mg of equine IL-12 plasmid, divided into 6 consecu- 
tive applications. IL-12 gene therapy elicited regression 
in tumor size, with the mean volume of treated tumors 
decreasing to approximately 80% of the baseline value. 
Histologic examination of biopsies in a smaller number 
of treated horses revealed similar changes as in the earl- 
ier study, i.e., intra- or peritumoral mild perivascular 
lymphocytic infiltrations. 

The safety aspect of IL-12 gene therapy was 
addressed in all three studies on grey horses, with 
regular clinical examinations of the treated animals, as 
well as hematologic and biochemical examinations of 
blood. Side effects included only local peritumoral 
oedema of smaller treated lesions (< 1 cm in diameter), 
which lasted from 1 to 3 days after plasmid injection. 
No systemic side effects were detected, revealed either 
as a change in the clinical status of animals or labora- 
tory abnormalities, indicating that such a therapeutic 
approach can be considered an effective as well as safe 
procedure in grey horses, with only minimal transient 
local side effects. 

IL-12 based gene therapy in dogs 

The most commonly used large animal in gene therapy 
research is the dog. An important advantage of the use 
of dogs compared to laboratory rodents or other pet ani- 
mals is the similarity of canine and human immune sys- 
tems [50]. Furthermore, successful sequencing of the 
canine genome [51] has led to characterization of a var- 
iety of genetic disorders in dogs, such as hemophilia, 
mucopolisaharidosis VII, and various cardiovascular dis- 
eases and cancers. A number of clinical studies have also 
been initiated for the treatment of canine cancers, using 
different therapeutic genes, such as Fas ligand, bacterial 
superantigens and cytokines, including GM-CFS, IL-2 
and IL-12 [52-58]. Another palliative approach to 
tumor-bearing dogs employed gene therapy with gene 
encoding growth hormone releasing hormone in order 
to ameliorate tumor cachexia and improve the general 
clinical status of patients [59]. 

The majority of IL-12 gene therapy studies in large 
animals have been performed on dogs, all of them util- 
izing electrogene therapy of various types of tumors, 
either as a single therapeutic approach or as adjuvant 
therapy to other treatment methods (Table 1). Electrogene 



therapy (EGT) is a procedure in which electroporation is 
used for the delivery of various therapeutic genes into tar- 
get tissue. Electroporation, i.e., increasing the permeability 
of the cell membrane using the application of controlled 
electric pulses, has been used as a physical method for 
increased intracellular delivery of a range of different 
molecules since the beginning of the 1980s [60]. 
Electroporation-based gene delivery has been used in vivo 
since the beginning of the 1990s [61,62] and in the last 
quarter of the century, transgenic DNA was successfully 
introduced in a vast number of different tissues in a var- 
iety of different species [63]. 

The antitumor effectiveness of IL-12 EGT has 
already been established in a number of different ex- 
perimental tumor models, including melanoma, lym- 
phoma, different carcinomas and sarcoma [64]. The 
most pronounced effect of such therapy was growth 
delay or even complete long-term eradication of trea- 
ted tumors. Furthermore, it generated long-term resist- 
ance to the development of new tumors, reduced the 
number of lung metastases and consequently pro- 
longed the life of the treated animals compared to 
control groups [64]. 

Based on the results of preclinical studies, the first 
human clinical study using intratumoral IL-12 EGT on 
24 patients with cutaneous metastatic melanoma was 
performed [65]. Three EGT procedures were performed 
on days 1, 5 and 8, resulting in a good local clinical re- 
sponse of the treated tumors, along with a systemic anti- 
tumor effect on untreated distant nodules in 53% of 
patients. 

Intratumoral IL-12 EGT in dogs 

In dogs, IL-12 EGT has been investigated on a number 
of different induced and spontaneously occurring tumors 
[57,58,66,67]. In these studies, either human or feline IL- 
12 was used as a therapeutic gene due to the non- 
availability of canine IL-12 and high homology between 
canine and these two cytokines [68]. Based on amino 
acid sequence analysis, canine IL-12 shares an approxi- 
mately 90% genetic identity with both human and feline 
IL-12. Furthermore, these two types of IL-12 activate the 
proliferation of canine peripheral blood mononuclear 
cells (PBMC) in vitro and trigger a number of immune 
responses in canine PBMC [58,69], which has led to 
speculation that they also have an in vivo biologic effect 
in dogs. This assumption was confirmed for both cyto- 
kines, based on the fact that they displayed a good anti- 
tumor effect in various canine tumors, eliciting similar 
biologic changes in tumors as in in vitro and preclinical 
studies. 

Chuang and colleagues employed IL-12 EGT in the 
treatment of experimentally transplanted transmissible 
venereal tumors (TVT) in 6 experimental beagle dogs 
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[67]. Tumors were established by subcutaneous injection 
of 10 8 canine TVT cells, which originate from spontan- 
eous TVT tumor [70] at 8 sites on the back and treated 
when the diameter of the tumors reached 1-2 cm. One 
mg of plasmid DNA was injected intratumorally into 16 
nodules, followed by electroporation. This treatment 
showed remarkable antitumor efficacy, with significant 
growth delay in all treated tumors, achieving long-term 
complete regression, without tumor regrowth in the 
one-year observation period. Furthermore, in a dose- 
escalating study, even the lowest injected dose {i.e., 0.1 
mg of plasmid) elicited significant growth delay in the 
treated tumors. IL-12 EGT also had a pronounced sys- 
temic effect on distant untreated tumors and induced 
long-term resistance to tumor regrowth after re-challenge 
with subcutaneous injection of the same tumor cells. Simi- 
lar systemic effects have also been shown in experimental 
tumor models, e.g., fibrosarcoma [71] and in a human 
clinical study [65]. 

A clinical study in naturally occurring mast cell 
tumors in dogs was performed at our institution [57] 
(Figure 1). It was conducted on 11 tumor nodules from 
8 dogs with intratumoral IL-12 EGT, displaying a good 
local antitumor effect and systemic release of transgene 
products. The reduction in tumor size was not as pro- 
nounced as in experimentally induced TVTs, since no 
complete response was achieved, but the size of treated 
nodules decreased in the range of 15 - 83% (median 
50%) from the initial tumor volume. Additionally, a 
change in the histological structure of the treated 
tumors was seen, with a reduction in the number of 



malignant mast cells and diffuse infiltration of treated 
tumors with lymphocytes and plasma cells, as well as de- 
granulation of the remaining mast cells. Similar histo- 
logical changes are characteristic of plasmid-based IL-12 
gene therapy, in which one of the most prominent histo- 
logic changes found is intra- and peritumoral lympho- 
cytic infiltration [46,48,65,72]. The pivotal role of 
lymphocytic infiltration after intratumoral IL-12 EGT 
has been demonstrated in preclinical studies, in which 
no antitumor effect of such therapy was achieved in 
athymic mice deficient in T cells, compared to immuno- 
competent mice [71,73]. However, another study pro- 
vided evidence to the contrary, since a significant 
regression of human melanomas in nude athymic mice 
was achieved with repeated intratumoral injections of 
IL-12 plasmid, indicating that antitumor effect of IL-12 
probably also arises from other modulations of specific 
and unspecific immune response mechanisms [74]. 

An additional two publications have described the im- 
plementation of a combination of electrochemotherapy 
(ECT) and intratumoral EGT (Le., electrochemogene 
therapy (ECGT)) [58,75] (Figure 2). In ECT, electropor- 
ation is used for intracellular delivery of various che- 
motherapeutics (mainly bleomycin and cisplatin) for 
potentiating the antitumor effect of these drugs [76,77]. 
Since both ECT and EGT are based on the use of the 
same physical phenomenon, they are especially suitable 
for combined use. Reed and colleagues [58] combined 
intratumoral application of approximately 0.5 IU of 
bleomycin and 150 \ig of IL-12 plasmid per cm 2 of 
tumor in 6 dogs with naturally occurring tumors, mainly 




Figure 1 Intratumoral EGT procedure in a dog with a mast cell tumor in the gluteal region. A: tumor before the procedure; B: intratumoral 
injection of IL-12 plasmid; C: delivery of electric pulses using plate electrodes with electric pulse generator Cliniporator® (Igea s.r.L, Italy); D: 
nodule immediately after the procedure. A marked paleness of the electroporated area compared to the surrounding tissue can be seen (arrow), 
due to transient reduction of the blood flow to the tissue, caused by occlusion of blood vessels during electroporation; E: tumor 10 days after 
therapy. 
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carcinomas and sarcomas. The majority of them were 
high-grade tumors with a statistically poor prognosis 
(e.g., histiocytic sarcoma, fibrosarcoma and malignant 
melanoma with high mitotic index). A clinical response 
to ECGT was observed, with minimal side effects re- 
gardless of the tumor type. In three of the 6 treated dogs 
(two with oral squamous cell carcinoma and one with 
acanthomatous ameloblastoma), a complete response was 
achieved and the remaining three (one of each: histiocytic 
sarcoma, metastatic melanoma and fibrosarcoma) had a 
partial response to treatment. Eradication of the superfi- 
cial treated nodules was most probably predominantly 
due to previously well described cytoreductive effects of 
ECT as the bleomycin and plasmid DNA were injected 
together. However the bystander effect on bone lysis re- 
pair in invasive tumors could be at least partially 
explained by distant effects of IL-12 from the EGT part 
of the treatment. 

Data on intratumoral cytokine production after local 
intratumoral IL-12 EGT is available for preclinical stud- 
ies on experimental animals, although the results are 
very inconsistent. For example, in experimental melan- 
oma models, intratumoral IL-12 EGT produced low con- 
centrations of either IL-12 or IFN-y, with peak levels of 
both measured cytokines never exceeding 10 pg/mg of 
tumor tissue [72]. On the other hand, significantly 
higher concentrations were achieved in IL-12 EGT of a 
sarcoma tumor model, with intratumoral cytokine levels 
as high as 10 ng/mg of tumor tissue for IFN-y and 50 
ng/mg of tumor tissue for IL-12 [70]. Similar informa- 
tion regarding intratumoral concentrations of cytokines 
after EGT in larger animals is sparse. Intratumoral cyto- 
kine production was measured only in a study on experi- 
mentally induced TVTs, in which high peak levels 
(approx. 2.5 ng/mg) were reached 7 days after EGT [67]. 
Such intratumoral cytokine production is not only im- 
portant for a direct local antitumor effect of EGT, but 
more and more data is presented that sufficient intratu- 
moral production of transgene can also result in 



systemic shedding of encoded product, thus expanding 
local therapy to the systemic level [70,78]. Systemic 
shedding of therapeutic molecules is most probably a 
prerequisite for systemic antitumor effects of gene ther- 
apy, for example, the inhibition of growth of untreated 
tumors at distant sites, an antimetastatic effect and in- 
duction of long-term systemic immunity. However, since 
the data on measurement of systemic release of cyto- 
kines are scarce, it cannot be ruled out that the systemic 
effect can be induced locally. Additionally, the use of 
feline and human IL-12 in these studies and modest 
availability of commercial tests makes these studies 
demanding. Nevertheless, more evidence of systemically 
detectable levels of IL-12 and/or IFN-y in animals trea- 
ted with intratumoral IL-12 EGT is needed that would 
clarify this point and would lead to better planning of 
clinical trials. 

Two canine studies featuring intratumoral IL-12 EGT 
focused on the detection of systemic release of IL-12 
and IFN-y [57,67]. EGT in both of these studies resulted 
in systemic release of IL-12 and induction of an IFN-y 
response, since both cytokines were detected in blood 
samples of the treated dogs. In a TVT experimental 
model, higher IL-12 concentrations were detected (peak 
levels 145 ± 78 pg/ml) compared to spontaneous mast 
cell tumors (maximum concentration reached was 12.2 
pg/ml). This difference can be explained by much higher 
doses of plasmid that were used for treatment of the 
TVTs. In both studies, too, induction of an IFN-y re- 
sponse was detected, which further verified the bio- 
logical activity of human IL-12 plasmid in dogs, since 
one of the most important antitumor actions of IL-12 
stems from the induction of IFN-y production from NK 
cells. Interestingly, a similar expansion of local gene 
therapy to the systemic level was also detected in an- 
other study on dogs with malignant melanoma, which 
received an intratumoral injection of lipid-complexed 
plasmid DNA encoding a bacterial superantigen and one 
of two cytokines, IL-2 or GM-CSF [53]. The therapy led 
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to high levels of antitumor cytotoxic T-cell activity in 
the peripheral blood, indicating that local administration 
of the vector may have produced a systemic effect. 

Intramuscular IL-12 EGT in dogs 

An additional two publications have described a slightly 
different approach to IL-12 EGT, Le., intramuscular 
IL-12 EGT [66,79]. Our research group performed a 
feasibility and safety study on electrotransfection of 
IL-12 plasmid into canine skeletal muscle [78]. The main 
advantages of using muscle as a target tissue in gene 
therapy are the high capacity of protein synthesis and 
post-mitotic status of muscle fibers, which enable long- 
lasting gene expression, even for more than 1 year [80]. 

Two different electroporation protocols for efficient 
muscle transfection were evaluated in six beagle dogs in 
a dose escalation study using plasmid encoding human 
IL-12 [78]. Blood samples were collected at different 
time points after a single intramuscular plasmid delivery, 
for determination of IL-12 and IFN-y concentrations 
and determination of selected haematologic and bio- 
chemical parameters. Human IL-12 was detected in the 
serum of one dog, which received the highest plasmid 
dose (1 mg) and canine IFN-y above baseline was 
detected in three of the six dogs. Hematological and bio- 
chemical parameters remained within reference limits 
throughout the whole observation period (2 months). 
Based on the results of this study, intramuscular IL-12 
EGT was employed in tumor-bearing dogs [66]. The 
study was performed on a total of six dogs, three of 
them with mast cell tumors grade II and III, and the 
remaining three with pulmonary histiocytic sarcoma, 
osteosarcoma and mammary adenocarcinoma. Each pa- 
tient received a single EGT with 1 mg of therapeutic 
plasmid. In 4/6 treated patients, serum concentrations of 
IL-12 and/or canine IFN-y were detected in multiple 
blood samples (all three dogs with mast cell tumors and 
the dog with pulmonary histiocytic sarcoma), showing 
that the therapy elicited systemic release of the encoded 
transgene and an IFN-y response. In these four patients, 
even though the therapy did not have any effect on the 
volume of measurable tumor nodules, surprisingly long 
survival times after EGT were achieved, compared to 
survival times associated with specific tumor types from 
literature review. For example, the patient with pulmon- 
ary histiocytic sarcoma survived more than 8 months 
after the EGT. According to the literature median sur- 
vival time for dogs with this type of tumor, treated with 
chemotherapy, is 3 to 4 months [81,82]. However, the 
sample size in this preliminary trial was too low and too 
heterogenic to make statistically significant conclusions 
regarding effect of intramuscular IL-12 EGT on patients' 
survival. The results of this study indicate that intramus- 
cular IL-12 EGT is a safe procedure in canine cancer 



patients, which can result in systemic shedding of IL-12 
and possibly trigger an IFN-y response, which could lead 
to prolonged survival of treated animals. 

A particularly important finding of all of these canine 
studies is that, together with eliciting a good clinical 
antitumor effect, IL-12 EGT, applied either intratumo- 
rally or intramuscularly, did not cause any significant 
side effects in the treated animals. In the light of known 
recombinant IL-12 toxicity, the safety aspect of IL-12 
EGT was very well addressed in all studies. The toxicity 
of IL-12 EGT was specifically evaluated in murine mel- 
anoma and squamous cell carcinoma tumor models 
[83,84]. The results of the melanoma study [83] showed 
that intratumoral EGT did not cause any clinically de- 
tectable adverse effects and did not affect laboratory 
parameters in the treated animals. The only histologi- 
cally noticeable change was focal inflammation and glo- 
merulosclerosis of the kidneys at a late time point after 
EGT (around 1 month after the procedure), without any 
biochemical indicators of diminished kidney function. In 
the squamous cell carcinoma model [84], mild, dose 
dependent liver toxicity was noticed, detected histologi- 
cally and as a transient statistically significant elevation 
of alanine aminotrasferase. Furthermore, in the first 7 
days after therapy, a trend of decreasing total white 
blood cell counts was observed, which returned to nor- 
mal values by day 30. 

In canine patients, no significant clinical or laboratory 
changes were observed in any of the published studies. 
The only reported clinically detectable side effect was 48 
hour diarrhea in a dog with malignant melanoma [58], 
which could not be directly linked to IL-12 EGT and 
could be attributed to any number of other causes, since 
the patient had a host of other health problems. Other- 
wise, dogs tolerated the procedure very well and did not 
show any clinical or laboratory indicators of renal, hep- 
atic or systemic toxicity or immunosuppression, which 
are the most important adverse effects of recombinant 
IL-12 therapy [15]. 

Conclusions 

A review of the literature shows that IL-12 based gene 
therapy may offer an effective new approach to cancer 
therapy in veterinary medicine. With various viral and 
non-viral gene delivery methods, a very good local anti- 
tumor effect has been achieved in various tumors of 
cats, dogs and horses, thus supporting and upgrading 
the results of a number of preclinical studies featuring 
IL-12 gene therapy. Studies on large animals have 
demonstrated that IL-12 based gene therapy is an effect- 
ive approach, either as local intratumoral gene transfer 
or as systemic treatment through intramuscular thera- 
peutic gene delivery, targeting either accessible tumor 
nodules or the disseminated disease. It is a safe and 
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effective therapeutic procedure, which exerts local trans- 
gene expression, as well as systemic release of the 
encoded protein and induction of an IFN-y response, 
making it a promising treatment for large animals with 
spontaneously occurring tumors. Such results will hope- 
fully lead to further investigation of this therapy in veter- 
inary medicine and help in successful translation into 
human clinical trials. 

Competing interests 

The authors declare they have no competing interests. 
Authors' contributions 

DP conducted the background and literature research and drafted the 
manuscript. MC, GS and NT critically revised the manuscript and provided 
additional intellectual content. All authors read and approved the final 
version of the manuscript. 

Acknowledgements 

The authors would like to thank Martin Cregeen for English editing of the 
manuscript. The authors acknowledge financial support from the state 
budget of the Slovenian Research Agency (Projects No. P3-003, J3-2277 and 
P4-0063). 

Author details 

University of Ljubljana, Veterinary Faculty, Small Animal Clinic, Cesta v 
Mestni log 47, Ljubljana 1000, Slovenia, institute of Oncology Ljubljana, 
Department for Experimental Oncology, Zaloska 2, Ljubljana 1000, Slovenia. 

Received: 3 August 2012 Accepted: 18 October 2012 
Published: 21 November 2012 

References 

1. Gardlik R, Palffy R, Hodosy J, Lukacs J, Turna J, Celec P: Vectors and delivery 
systems in gene therapy. Med Sci Monit 2005, 11:110-121. 

2. Blaese RM, Culver KW, Miller AD, Carter CS, Fleisher T, Clerici M, Shearer G, 
Chang L, Chiang Y, Tolstoshev P, Greenblatt JJ, Rosenberg SA, Klein H, 
Berger M, Mullen CA, Ramsey WJ, Muul L, Morgan RA, Anderson WF: T- 
lymphocyte-directed gene therapy for ADA-SCID: initial trial results. 
Science 1995, 270:475-480. 

3. Rosenberg SA, Aebersold P, Cornetta K, Kasid A, Morgan RA, Moen R, Karson 
EM, Lotze MT, Yang JC, Topalian SL, Merino MJ, Culver K, Miller AD, Blaese 
RM, Anderson WF: Gene transfer into humans-immunotherapy of 
patients with advanced melanoma, using tumor-infiltrating lymphocytes 
modified by retroviral gene transduction. N Engl J Med 1990, 323:570-578. 

4. Hacein-Bey-Abina S, von Kalle C, Schmidt M, Le Deist F, Wulffraat N, 
Mclntyre E, Radford I, Villeval JL, Fraser CC, Cavazzana-Calvo M, Fischer A: A 
serious adverse event after successful gene therapy for X-linked severe 
combined immunodeficiency. N Engl J Med 2003, 348:255-256. 

5. Raper SE, Chirmule N, Lee FS, Wivel NA, Bagg A, Gao GP, Wilson JM, 
Batshaw ML: Fatal systemic inflammatory response syndrome in a 
ornithine transcarbamylase deficient patient following adenoviral gene 
transfer. Mol Genet Metabol 2003, 80:148-158. 

6. Khanna C, Lindblad-Toh K, Vail D, London C, Bergman P, Barber L, Breen M, 
Kitchell B, McNeil E, Modiano JF, Niemi S, Comstock KE, Ostrander E, 
Westmoreland S, Withrow S: The dog as a cancer model. Nat Biotechnol 
2006, 24:1065-1066. 

7. Casal M, Haskins M: Large animal models and gene therapy. Eur J Hum 
Genet 2006, 14:266-272. 

8. Kobayashi M, Fitz L, Ryan M, Hewick RM, Clark SC, Chan S, Loudon R, 
Sherman F, Perussia B, Trinchieri G: Identification and purification of 
natural killer cell stimulatory factor (NKSF), a cytokine with multiple 
biologic effects on human lymphocytes. J Exp Med 1989, 170:827-845. 

9. Stern AS, Podlaski FJ, Hulmes JD, Pan YC, Quinn PM, Wolitzky AG, Familletti 
PC, Stremlo DL, Truitt T, Chizzonite R, Gately MK: Purification to 
homogeneity and partial characterization of cytotoxic lymphocyte 
maturation factor from human B-lymphoblastoid cells. Proc Notl Acad Sci 
USA 1990, 87:6808-6812. 



10. Wolf SF, Temple PA, Kobayashi M, Young D, Dicig M, Lowe L, Dzialo R, Fitz 
L, Ferenz C, Hewick RM: Cloning of cDNA for natural killer cell stimulatory 
factor, a heterodimeric cytokine with multiple biologic effects on T and 
natural killer cells. J Immunol 1991, 146:3074-3081. 

11. Trinchieri G: lnterleukin-12 and the regulation of innate resistance and 
adaptive immunity. Nat Rev Immunol 2003, 3:133-146. 

12. Voest EE, Kenyon BE, O'Reilly MS, Truitt G, D'Amato RJ, Folkman J: Inhibition 
of angiogenesis in vivo by interleukin 12. J Natl Cancer Inst 1995, 
87:581-586. 

13. Del Vecchio M, Bajetta E, Canova S, Lotze MT, Wesa A, Parmiani G, Anichini 
A: lnterleukin-12: biological properties and clinical application. Clin 
Cancer Res 2007, 13:4677-4685. 

14. Atkins MB, Robertson MJ, Gordon M, Lotze MT, DeCoste M, DuBois JS, Ritz J, 
Sandler AB, Edington HD, Garzone PD, Mier JW, Canning CM, Battiato L, 
Tahara H, Sherman ML: Phase I evaluation of intravenous recombinant 
human interleukin 12 in patients with advanced malignancies. Clin 
Cancer Res 1 997, 3:409-41 7. 

15. Leonard JP, Sherman ML, Fisher GL, Buchanan LJ, Larsen G, Atkins MB, 
Sosman JA, Dutcher JP, Vogelzang NJ, Ryan JL: Effects of single-dose 
interleukin-12 exposure on interleukin-12-associated toxicity and 
interferon-gamma production. Blood 1997, 90:2541-2548. 

16. Choi KJ, Zhang SN, Choi IK, Kim JS, Yun CO: Strengthening of antitumor 
immune memory and prevention of thymic atrophy mediated by 
adenovirus expressing IL-12 and GM-CSF. Gene Ther 2012, 19:71 1-723. 

17. Malvicini M, Ingolotti M, Piccioni F, Garcia M, Bayo J, Atorrasagasti C, Alaniz 
L, Aquino JB, Espinoza JA, Gidekel M, Scharovsky OG, Matar P, Mazzolini G: 
Reversal of gastrointestinal carcinoma-induced immunosuppression 
and induction of antitumoural immunity by a combination of 
cyclophosphamide and gene transfer of IL-12. Mol Oncol 201 1, 
5:242-255. 

18. Xu Y, Hou J, Liu Z, Yu H, Sun W, Xiong J, Liao Z, Zhou F, Xie C, Zhou Y: 
Gene therapy with tumor-specific promoter mediated suicide gene plus 
IL-12 gene enhanced tumor inhibition and prolonged host survival in a 
murine model of Lewis lung carcinoma. J Transl Med 201 1, 9:39. 

19. Puisieux I, Odin L, Poujol D, Moingeon P, Tartaglia J, Cox W, Favrot M: 
Canarypox virus-mediated interleukin 12 gene transfer into murine 
mammary adenocarcinoma induces tumor suppression and long-term 
antitumoral immunity. Hum Gene Ther 1998, 9:2481-2492. 

20. Asselin-Paturel C, Lassau N, Guinebretiere JM, Zhang J, Gay F, Bex F, Hallez 
S, Leclere J, Peronneau P, Mami-Chouaib F, Chouaib S: Transfer of the 
murine interleukin-12 gene in vivo by a Semliki Forest virus vector 
induces B16 tumor regression through inhibition of tumor blood vessel 
formation monitored by Doppler ultrasonography,". Gene Ther 1999, 
6:606-615. 

21. Schultz J, Pavlovic J, Strack B, Nawrath N, Moelling K: Long-lasting anti- 
metastatic efficiency of interleukin 12-encoding plasmid DNA. Human 
Gene Ther 1999, 10:407-417. 

22. Dietrich A, Becherer L, Brinckmann U, Hauss J, Liebert UG, Gutz A, Aust G: 
Particle-mediated cytokine gene therapy leads to antitumor and 
antimetastatic effects in mouse carcinoma models. Cancer Biother 
Radiopharm 2006, 21:333-341. 

23. Heller R, Schultz J, Lucas ML, Jaroszeski MJ, Heller LC, Gilbert RA, Moelling K, 
Nicolau C: Intradermal delivery of interleukin-12 plasmid DNA by in vivo 
electroporation. DNA Cell Biol 2001, 20:21-26. 

24. Hanna E, Zhang X, Woodlis J, Breau R, Suen J, Li S: Intramuscular 
electroporation delivery of IL-12 gene for treatment of squamous cell 
carcinoma located at distant site. Cancer Gene Ther 2001, 8:151-157. 

25. Lohr F, Lo DY, Zaharoff DA, Hu K, Zhang X, Li Y, Zhao Y, Dewhirst MW, Yuan 
F, Li CY: Effective tumor therapy with plasmid-encoded cytokines 
combined with in vivo electroporation. Cancer Res 2001, 61:3281-3284. 

26. Jia SF, Worth LL, Densmore CL, Xu B, Zhou Z, Kleinerman ES: Eradication of 
osteosarcoma lung metastases following intranasal interleukin-12 gene 
therapy using a nonviral polyethylenimine vector. Cancer Gene Ther 2002, 
9:260-266. 

27. Huttinger C, Hirschberger J, Jahnke A, Kostlin R, Brill T, Plank C, Kuchenhoff 
H, Krieger S, Schillinger U: Neoadjuvant gene delivery of feline 
granulocyte-macrophage colony-stimulating factor using 
magnetofection for the treatment of feline fibrosarcomas: a phase I trial. 

J Gene Med 2008, 10:655-667. 

28. Nande R, Di Benedetto A, Aimola P, De Carlo F, Carper M, Claudio CD, 
Denvir J, Valluri J, Duncan GC, Claudio PP: Targeting a newly established 



Pavlin et al. Journal of Translational Medicine 201 2, 10:234 
http://www.translational-medicine.eom/content/10/1/234 



Page 10 of 11 



spontaneous feline fibrosarcoma cell line by gene transfer. PLoS One 
2012, 7:e37743. 

29. Vite CH, McGowan JC, Niogi SN, Passini MA, Drobatz KJ, Haskins ME, Wolfe 
JH: Effective gene therapy for an inherited CNS disease in a large animal 
model. Ann Neurol 2005, 57:355-364. 

30. Fyfe JC, Kurzhals RL, Lassaline ME, Henthorn PS, Alur PR, Wang P, Wolfe JH, 
Giger U, Haskins ME, Patterson DF, Sun H, Jain S, Yuhki N: Molecular basis 
of feline beta-glucuronidase deficiency: an animal model of 
mucopolysaccharidosis VII. Genomics 1999, 58:121-128. 

31. Ellinwood NM, Vite CH, Haskins ME: Gene therapy for lysosomal storage 
diseases: the lessons and promise of animal models. J Gene Med 2004, 
6:481-506. 

32. Sleeper M, Bish LT, Haskins M, Ponder KP, Sweeney HL: Status of 
therapeutic gene transfer to treat cardiovascular disease in dogs and 
cats. J Vet Cardiol 2011, 13:131-140. 

33. Siddiqui F, Li CY, Larue SM, Poulson JM, Avery PR, Pruitt AF, Zhang X, Ullrich 
RL, Thrall DE, Dewhirst MW, Hauck ML: A phase I trial of hyperthermia- 
induced interleukin-12 gene therapy in spontaneously arising feline soft 
tissue sarcomas. Mol Cancer Ther 2007, 6:380-389. 

34. Kirpensteijn J: Feline injection site-associated sarcoma: Is it a reason to 
critically evaluate our vaccination policies? Vet Microbiol 2006, 1 17:59-65. 

35. Davidson EB, Gregory CR, Kass PH: Surgical excision of soft tissue 
fibrosarcomas in cats. Vet Surg 1997, 26:265-269. 

36. Hershey AE, Sorenmo KU, Hendrick MJ, Shofer FS, Vail DM: Prognosis for 
presumed feline vaccine-associated sarcoma after excision: 61 cases 
(1 986-1 996). J Am Vet Med Assoc 2000, 21 6:58-61 . 

37. Jahnke A, Hirschberger J, Fischer C, Brill T, Kostlin R, Plank C, Kuchenhoff H, 
Krieger S, Kamenica K, Schillinger U: Intra-tumoral gene delivery of felL-2, 
felFN-gamma and feGM-CSF using magnetofection as a neoadjuvant 
treatment option for feline fibrosarcomas: a phase-l study. J Vet Med A 
Physiol Pathol Clin Med 2007, 54:599-606. 

38. Quintin-Colonna F, Devauchelle P, Fradelizi D, Mourot B, Faure T, Kourilsky P, 
Roth C, Mehtali M: Gene therapy of spontaneous canine melanoma and 
feline fibrosarcoma by intratumoral administration of histoincompatible 
cells expressing human interleukin-2. Gene Ther 1996, 3:1 104-1 112. 

39. Jourdier TM, Moste C, Bonnet MC, Delisle F, Tafani JP, Devauchelle P, 
Tartaglia J, Moingeon P: Local immunotherapy of spontaneous feline 
fibrosarcomas using recombinant poxviruses expressing interleukin 2 
(IL2). Gene Ther 2003, 10:2126-2132. 

40. Marini FC 3rd, Cannon JP, Belmont JW, Shillitoe EJ, Lapeyre JN: In vivo 
marking of spontaneous or vaccine-induced fibrosarcomas in the 
domestic house cat, using an adenoviral vector containing a bifunctional 
fusion protein, GAL-TEK. Human Gene Ther 1995, 6:1215-1223. 

41 . Car BD, Eng VM, Schnyder B, LeHir M, Shakhov AN, Woerly G, Huang S, 
Aguet M, Anderson TD, Ryffel B: Role of interferon-gamma in interleukin 
12-induced pathology in mice. Am J Pathol 1995, 147:1693-1707. 

42. Seltenhammer MH, Heere-Ress E, Brandt S, Druml T, Jansen B, Pehamberger 
H, Niebauer GW: Comparative histopathology of grey-horse-melanoma 
and human malignant melanoma. Pigment Cell Res 2004, 17:674-681. 

43. Rieder S, Strieker C, Joerg H, Dummer R, Stranzinger G: A comparative 
genetic approach for the investigation of ageing grey horse melanoma. 
J Anim Breeding Genetics 2000, 1 1 7:73-82. 

44. MacGillivray KC, Sweeney RW, Del Piero F: Metastatic melanoma in horses. 
J Vet Intern Med 2002, 16:452-456. 

45. Finocchiaro LM, Riveras MD, Glikin GC: Cytokine-enhanced vaccine and 
suicide gene therapy as adjuvant treatments of metastatic melanoma in 
a horse. Vet Rec 2009, 164:278-227. 

46. Heinzerling LM, Feige K, Rieder S, Akens MK, Dummer R, Stranzinger G, 
Moelling K: Tumor regression induced by intratumoral injection of DNA 
coding for human interleukin 12 into melanoma metastases in gray 
horses. J Mol Med (Berl) 2001, 78:692-702. 

47. Muller JM, Wissemann J, Meli ML, Dasen G, Lutz H, Heinzerling L, Feige K: In 
vivo induction of interferon gamma expression in grey horses with 
metastatic melanoma resulting from direct injection of plasmid DNA 
coding for equine interleukin 12. Schweiz Arch Tierheilkd 201 1, 
153:509-513. 

48. Muller J, Feige K, Wunderlin P, Hodl A, Meli ML, Seltenhammer M, Grest P, 
Nicolson L, Schelling C, Heinzerling LM: Double-blind placebo-controlled 
study with interleukin-18 and interleukin-12-encoding plasmid DNA 
shows antitumor effect in metastatic melanoma in gray horses. 

J Immunother 201 1 , 34:58-64. 



49. Heinzerling L, Burg G, Dummer R, Maier T, Oberholzer PA, Schultz J, Elzaouk 
L, Pavlovic J, Moelling K: Intratumoral injection of DNA encoding human 
interleukin 12 into patients with metastatic melanoma: clinical efficacy. 
Hum Gene Ther 2005, 16:35-48. 

50. Felsburg PJ, Somberg RL, Hartnett BJ, Henthorn PS, Carding SR: Canine X- 
linked severe combined immunodeficiency. A model for investigating 
the requirement for the common gamma chain (gamma c) in human 
lymphocyte development and function. Immunol Res 1998, 17:63-73. 

51. Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB, Kamal M, 
Clamp M, Chang JL, Kulbokas EJ 3rd, Zody MC, Mauceli E, Xie X, Breen M, 
Wayne RK, Ostrander EA, Ponting CP, Galibert F, Smith DR, DeJong PJ, 
Kirkness E, Alvarez P, Biagi T, Brockman W, Butler J, Chin CW, Cook A, Cuff J, 
Daly MJ, DeCaprio D, Gnerre S, et al: Genome sequence, comparative 
analysis and haplotype structure of the domestic dog. Nature 2005, 
438:803-819. 

52. Bianco SR, Sun J, Fosmire SP, Hance K, Padilla ML, Ritt MG, Getzy DM, Duke 
RC, Withrow SJ, Lana S, Matthiesen DT, Dow SW, Bellgrau D, Cutter GR, 
Helfand SC, Modiano JF: Enhancing antimelanoma immune responses 
through apoptosis. Cancer Gene Ther 2003, 10:726-736. 

53. Dow SW, Elmslie RE, Willson AP, Roche L, Gorman C, Potter TA: In vivo 
tumor transfection with superantigen plus cytokine genes induces 
tumor regression and prolongs survival in dogs with malignant 
melanoma. J Clin Invest 1998, 101:2406-2414. 

54. Hogge GS, Burkholder JK, Culp J, Albertini MR, Dubielzig RR, Yang NS, 
MacEwen EG: Preclinical development of human granulocyte- 
macrophage colony-stimulating factor-transfected melanoma cell 
vaccine using established canine cell lines and normal dogs. Cancer Gene 
Ther ]999, 6:26-36. 

55. Hogge GS, Burkholder JK, Culp J, Albertini MR, Dubielzig RR, Keller ET, Yang 
NS, MacEwen EG: Development of human granulocyte-macrophage 
colony-stimulating factor-transfected tumor cell vaccines for the 
treatment of spontaneous canine cancer. Human Gene Ther 1998, 
9:1851-1861. 

56. Thamm DH, Kurzman ID, Macewen EG, Feinmehl R, Towell TL, Longhofer SL, 
Johnson CM, Geoly FJ, Stinchcomb DT: Intralesional lipid-complexed 
cytokine/superantigen immunogene therapy for spontaneous canine 
tumors. Cancer Immunol Immunother 2003, 52:473-480. 

57. Pavlin D, Cemazar M, Cor A, Sersa G, Pogacnik A, Tozon N: Electrogene 
therapy with interleukin-12 in canine mast cell tumors. Radiol Oncol 201 1, 
45:31-39. 

58. Reed SD, Fulmer A, Buckholz J, Zhang B, Cutrera J, Shiomitsu K, Li S: 
Bleomycin/interleukin-12 electrochemogene therapy for treating 
naturally occurring spontaneous neoplasms in dogs. Cancer Gene Ther 
2010, 17:457-464. 

59. Draghia-Akli R, Hahn KA, King GK, Cummings KK, Carpenter RH: Effects of 
plasmid-mediated growth hormone-releasing hormone in severely 
debilitated dogs with cancer. Mol Ther 2002, 6:830-836. 

60. Neumann E, Schaefer-Ridder M, Wang Y, Hofschneider PH: Gene transfer 
into mouse lyoma cells by electroporation in high electric fields. EMBOJ 
1982, 1:841-845. 

61. Wolff JA, Malone RW, Williams P: Direct gene transfer into mouse muscle 
in vivo. Science 1990, 247:465-1468. 

62. Titomirov AV, Sukharev S, Kistanova E: In vivo electroporation and stable 
transformation of skin cells of newborn mice by plasmid DNA. Biochim 
BiophysActa 1991, 1088:131-134. 

63. Prud'homme GJ, Glinka Y, Khan AS, Draghia-Akli R: Electroporation- 
enhanced nonviral gene transfer for the prevention or treatment of 
immunological, endocrine and neoplastic diseases. Curr Gene Ther 2006, 
6:243-273. 

64. Cemazar M, Jarm T, Sersa G: Cancer electrogene therapy with interleukin- 
12. Curr Gene Ther 2010, 10:300-31 1. 

65. Daud Al, DeConti RC, Andrews S, Urbas P, Riker Al, Sondak VK, Munster PN, 
Sullivan DM, Ugen KE, Messina JL, Heller R: Phase I trial of interleukin-12 
plasmid electroporation in patients with metastatic melanoma. J Clin 
Oncol 2008, 26:5896-5903. 

66. Cemazar M, Sersa G, Pavlin D, Tozon N: Intramuscular IL-12 Electrogene 
Therapy for Treatment of Spontaneous Canine Tumors. In Targets in gene 
therapy. Edited by You Y. Rijeka: InTech.: Rijeka, Croatia; 201 1:299-320. 

67. Chuang TF, Lee SC, Liao KW, Hsiao YW, Lo CH, Chiang BL, Lin XZ, Tao MH, 
Chu RM: Electroporation-mediated IL-12 gene therapy in a 
transplantable canine cancer model. Int J Cancer 2009, 125:698-707. 



Pavlin et at. Journal of Translational Medicine 201 2, 10:234 
http://www.translational-medicine.eom/content/10/1/234 



Page 1 1 of 1 1 



69. 



70. 



71. 



72. 



73. 



74. 



75. 



76. 



77. 



79. 



81. 



82. 



Buettner M, Belke-Louis G, Rziha HJ, Mclnnes C, Kaaden OR: Detection, 
cDNA cloning and sequencing of canine interleukin 12. Cytokine 1998, 
10:241-248. 

Phillips BS, Padilla ML, Dickerson EB, Lindstrom MJ, Helfand SC: 
Immunostimulatory effects of human recombinant interleukin-12 on 
peripheral blood mononuclear cells from normal dogs. Vet Immunol 
Immunopothol 1999, 70:189-201. 

Hsiao YW, Liao KW, Hung SW, Chu RM: Effect of tumor infiltrating 
lymphocytes on the expression of HMC molecules in canine 
transmissible venereal tumors (TVT) in dogs. Oncogene 2002, 1:399-406. 
Pavlin D, Cemazar M, Kamensek U, Tozon N, Pogacnik A, Sersa G: Local and 
systemic antitumor effect of intratumoral and peritumoral IL-12 
electrogene therapy on murine sarcoma. Cancer Biol Ther 2009, 
8:2114-2122. 

Li S, Zhang L, Torrero M, Cannon M, Barret R: Administration route- and 
immune cell activation-dependant tumor eradication by IL-12 
electrotransfer. Mol Ther 2005, 12:942-949. 

Lucas ML, Heller L, Coppola D, Heller R: IL-12 plasmid delivery by in vivo 
electroporation for the successful treatment of established 
subcutaneous B16.F10 melanoma. Mol Ther 2002, 5:668-675. 
Heinzerling L, Dummer R, Ravlivic J, Schulth J, Burg G, Moelling K: Tumor 
regression of human and murine melanoma after intratumoral injection 
of IL-12-encoding plasmid DNA in mice. Exp Dermatol 2002, 11:232-240. 
Cutrera J, Torrero M, Shiomitsu K, Mauldin N, Li S: Intratumoral bleomycin 
and IL-12 electrochemogenetherapy for treating head and neck tumors 
in dogs. Methods Mol Biol 2008, 423:319-325. 

Jaroszeski MJ, Dang V, Pottinger C, Hickey J, Gilbert R, Heller R: Toxicity of 
anticancer agents mediated by electroporation in vitro. Anticancer Drugs 
2000, 11:201-208. 

Cemazar M, Sersa G, Miklavcic D: Electrochemotherapy with cisplatin in 
the treatment of tumor cells resistant to cisplatin. Anticancer Res 1998, 
18:4463-4466. 

Lucas ML, Heller R: IL-12 gene therapy using an electrically mediated 
nonviral approach reduces metastatic growth of melanoma. DNA Cell Biol 
2003, 22:755-763. 

Pavlin D, Tozon N, Sersa G, Pogacnik A, Cemazar M: Efficient 
electrotransfectionline into canine muscle. Technol Cancer Res Treat 2008, 
7:45-54. 

Tevz G, Pavlin D, Kamensek U, Kranjc S, Mesojednik S, Coer A, Sersa G, 
Cemazar M: Gene electrotransfer into murine skeletal muscle: a 
systematic analysis of parameters for long-term gene expression. Technol 
Cancer Res Treat 2008, 7:91 -1 01 . 

Rassnick KM, Moore AS, Russel DS, Northrup NC, Kristal O, Bailey DB, Flory 
AB, Kiselow MA, Intile JL: Phase II, open-label trial of single-agent CCNU in 
dogs with previously untreated histiocytic sarcoma. J Vet Intern Med 2010, 
24:1528-1531. 

Skorupski KA, Clifford CA, Paoloni MC, Lara-Garcia A, Barber L, Kent MS, 
LeBlanc AK, Sabhlok A, Mauldin EA, Shofer FS, Couto CG, Sorenmo KU: 
CCNU for the treatment of dogs with histiocytic sarcoma. J Vet Intern 
Med 2007,21:121-126. 

Heller L, Merkler K, Westover J, Cruz Y, Coppola D, Benson K, Daud A, Heller 
R: Evaluation of toxicity following electrically mediated interleukin-12 
gene delivery in a B16 mouse melanoma model. Clin Cancer Res 2006, 

12:3177-3183. 

Reed SD, Li S: Pre-clinical toxicity assessment of tumor-targeted 
interleukin-12 low-intensity electrogenetherapy. Cancer Gene Ther 201 1, 
18:265-274. 



doi:1 0.1 1 86/1 479-5876-1 0-234 

Cite this article as: Pavlin et a I.: IL-12 based gene therapy in veterinary 
medicine. Journal of Translational Medicine 201 2 10:234. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



